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flTRO1DUCTOPY SMAIM.LM'

Tho rosent trI' nontAi.ly report covers throe of' the itethoIa
3.1ov ro-movr. of CO~. from air which -are -=der' -ixvestiga1;ion by
:?xoJect N6,.ori 158o TEieae aiethods are: tho z'omovs3l of 002
1)y reaction with a regenorative type solid; the freeztflr-, out
ofL 002 by lowering the3 aIr temperature, this 1;emeratin C

crv~ez'5.g being accomp:lIshed by compres sing -the air, cooling
.;ho air bixkl to -appvo~ciiuato.y room ternpez;atu~e and oxpending
back to one atmosphere pressure; and tVie abaorptlon of CO 2

tregenorative solvents at below room tomperatuwoo

The information available on the vej-'enerative tbype solid
qndicatos that silver oxide Is the beat auch material to be
used. Thoorotica. mechanism equations hatve boon derived for
two modes of' oi~ration of' the absorption step of a rolgenerativo
(O' . ,,emor'al process using silver oxide as tho absorbento These
o qii-ation= a'orq been solved for the case of' 002 abseokbotion at a.
isate of 7*5 lb/w from aitr of 21% CO2 content, by volumne. and
tho resialts are prosented in graphical forma

Experiments have been carried out or. a srnll..saalefia-;e
LabsoZ~'Uon unit in order to evaluate the constants of the derived
riochanism equations. Such experime ntal runs ha-ve indicatod the
repeatabllit7 of absorption -desor'ption cycle; i,,e,, absoz'-tion
at room tomperature from air of 1%O 002 content, and dosorption
by decomposition of the' carborAte, at 125OCo end 5 im, Hg0 2aE?1O

work will support the concluislon of foasIbi.; Iridlate. by* these
prelifru.ary exporiments and will result finally In a ccmpleota
process design for an oporating unito

The f:reeze out method feasibility study has b~een comploluod.~
~?h5.n ~ doos not lend itself readly to simple rosearch

icniques and constructi7on-t of a unlt.9 oven Sn a small sii.e m
outsidL3 the pre,:)ient scopo of the project., Thin., proooss doo3
have posibilit. es and invoestigation saort. continao further
VrTSh the1 cori.-tructicn of a test unilt t,- (7.eter-ne whatl diffi~u,-wdtcs
if Vinys maight :',encounatored in mar-Ing the process work,



Th o r, tontporature absorption method requires the deteo).m..
nation and interpretation of data on the solubility of CO2 in
solvents at various temperaturos. The latest data and intorprc.
ta'tion are presented in this report. More such data and data on!
rate of absorption and heat exchange studies, also in progress,
will be nr.besented at a later date.

O'tbher studies in progress are.
Absorption of C in sea water

Absorption of 002 on charcoal

Absorption of C02 on solid XaOH

Freezing out of C02 with outside mechanical refrigeration

Freezing out of 002 with liquid oxygen

Those problems will be covered in later reports0



SECTION I

00 2 ABSORPTION WITH A2



IJATRODUCTION

One of the most promising regenerative chemical motaode .
.' -..l of CO2 froin air is by reaction with silver oxide to :.'oxvn

silvar carbonato, "wrhich can lata.- be regenerated to the original

stlver oxido. This method, along with many others, was listed in

the complete survey of C0 2 -romoval methods presct 3d in a recent

report of Project NR 266-001, dated March 31, 1952a The same

general reaction will occur with many metal oxides, but silver

oxido seems to offer the best possibility of easy reversibility,

thus making possible a regenerative process for CO2 removal.

During the past chree months, considerable effort has boon

expended on a study of the possibilities of the silver oxide.,

silver carbonate system as a C02 -removal process. Theoretical

mathematical expressions have been developed which represent the

CO2 addition step for two different modes of operation. In addi-

tIon, sevGra! zm.a.ll-.scal rnms have been made to indicate the

avp.licability of the theoretical oxpressions to the actual sys.

tem and to determine the rate of CO2 removal in such a system.

This report will outline the results of the work to date and

indicate the direction to bo taken by future studies.



THE3RODYNAMIC DATA

AdditIon of 002 to silver oxides or to any other metal oxide,
will occur only when the partial pressiun of the 002 inoontaet
with the solid Is greater than the equilibrium value determined

*b7

eq p00 no02  eq

where* In Keq w-A

(In these expressions, Neq 'a the oqi]brium constant for
the reaction, A Gj is the standard free energ change of the reac-
tion at temperature TGK, and R is the gas oonstant.)

Similarly, decomposition o r -thetme l carbonate will take
place only when the partial pressure or the 002 in contact with
solid is lese than the above equilibrium value.

The reaction for the proposed silvw w'oXIde process Is as
follows:

Basic data for the various oamp o ztb ae tabulated In
Table I. In addition, heat capacity data are plotted on Figure l
where necessary, extrapolations have bem uase.

Values for- Keq at various values of tmperatuw have been
calculated from the basic data presented, akiM use of the fol.
lowing r4ationships :

p(62O p -0) W
u~(Ag2 A92 - ' (Co2)

~ fT

T

A (A So) rp dT/

P 298

a Gj A faT -T a



WP3W

-Results of these calculations are plotted on Pigure 2, as

_Og0 Keq vs. I/T(OK). In additon, since eq. pC0 2  1/Keq#

val,'es of the equilibrium pCO have been calculated and are plotted

on Figure 3 vs. I/T(*K). This latter plot will be of use in

predicting the pressure-temperature combinations at which decom.
position of the carbonate should take place.



TABLE I

BASIC THER0ODYNANTC DATA

System: A20 + 002 t- A 2003

Tow. ° ......... , c-al/gm mol - K)

or (F)C (1) Ag2 2 (2)
(O) o2 -902) A

0 442 --- 1.08 049

25, -4% "su .26 3.90

o -.370 rn 8.44 10.22

1oo ..280 Ma 10.7 16.95

15o .190 --- 12.47 20.79

200 -100 --- 13.93 23.20

298.1 77 9.17 io75 26.83

350 170 9.53 --- -

• 400 26o 9.86 Mg---

/45o 350 10.19 -- --

500 1o 1o.43 -1-- 1-

so ?,98.109 (aa/gm MolSOK) 51,. (3 ) 2901 !2 ) 40.0 (2 )

4 ~ ~.6.9(3) 40(3)
... 1*: &K (-a 1kloal/go'- ol) -94.o3 (  ..- 1 3 -120.50)3

( 0UMe ad atscon - Chemlal ftoess 10IProxp1es, Vol. I, p. 214

(Ke I. Kell . .in a l 434 (1941)

131 .n I.oibook or Ohemistry

*
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~'.t~t~l-2!7t,1tt altornate absorpt--.ori of 00~ aria .L i?corpositlo:
of' ,-;..YLborate can take place o~ver many- circles Vii't 1itt 7.o d e~
J! -0h ic.vty ofth sver o~:lde for furth~er CJ ipt

n r.-~ sv,raJ. possible mochanical a~erang emert, 3 'u:hlilh migi~
be f~;ed:or a full-s~calo nti .76 fIlna) chocea ofL tho br-

me~ :dto u-Eo %wonid be difiut-1t to iialto at t;his ti'3 lnstewi>.
dif.co~ont Procossaes will bo prc-,ooed and their amn-itagvi-,

eni :cva.~hrospcinted out,: -iThon., at- the competion. Of, exprczr-
ii~r..vr2rk now In Drogressq. a compbator- design 'wl 'be proserited,

ba.,3erA, on thej most :prois ing zystcrm, of operation.

Tx3 :tn',rstigation to date has sbown the ifollowitngrc of
oporfnion to be -possitble'.

Em)Brploy two identical packed beds of silvrer o().-xd3., Us,
oaci Car V,02 absorption while the other is being regercrated t4
hat ,ind vacuizmQ

;2v~.tgss~~opcratlon can~ bo made conpietely auto7,.t .jo
11 e71Jri2.9~ Of solid r~eq~uired.-

D-L,ad.vantagos -. Entiro Ihod must be alternately heated ---.
toI~1 cc eU'ct r,31--crerat-.n comlplex automqatic controla re-

qu~co'i~cbs orpt5.c4- and ragvnciration stapI, must. remaln In balw3ne.

2~Us.) 011-Y 01o packced bod of silver oxide, and add frtrs.h.
VI'd "GINire qpc.nt solid corntinuousJlyo coMnterew,ioent to the; a

* ~ 01o R rrt the spent solid at a .sapoxate location ai-; =7

Avanta~~es ,No balance of abeorntion ane, regeneratl1o, s1p
:. 2t~~less hetlcad.

.sidtantaga 0CM(XApOX, sol'ids lv.-Odlinr Procedure %V1.12 be

**~ ~ 0 §r~a~o, :' i~~j i~. st two? ie ~ u e Only or.0 n~i !
.~ ~-~ .V Z~ctj ~2A ~soJ.2C1£ rc 11 i.rntervals9 mazan.a

-S Pi 41 .11 A6 'nandlix2!-, less 00omplex C~~oj



~X.& ~ ~. l.~ui:~ sevrv :c~cs of? an operatora :.esst

A sinplif3.ed sk:e-bh of1 onla of' thesse modes of' operatiLon atin
beC-n-d or, thc- neyi; page, Pig )4.),
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MATHEMAT ICAL DELVELOPMENTS

Dhe toea possible modes of operation suggested in the pro-
vio.t seation are iln reallty only two independent met:hods., siao"
(3) .s a co.ribination of (1) and (2)o A theoretical methematieal
exp-.'Ossion has been developed for the absorption step of each of
the independ.ant modeso

I - Fixed solid bed - ateady flow of gas with constant

inlet composition.
II -. 'ffovingt solid bed o: constant inlet composibion ., wlt7h

com-Ltarourent :l?Jow of constant inlet composition gaa ,

In the lerivatf.ori of these exaressions it has been necesSal-lr
to .ak- seve: al simplifying assumptions. Such assumptions v!l.
be pointed o t as they are encountered during the developments,,
None of these assumptions is a major one, and nons af1ects the
genaral applicability of the final solution.

Case I - Fixd Solid Bed - Steady Gas Flow

Fox' the reac;ion Ag2 0 C+ --_ A' 03

Coaside a packed beL, as follows-

Poj. a zlit cross section (02 balance):

0* d z) (-. f d z d t
(.p':. .) (output) (accumulation

on solid)
:- "b : ib moles total alr/f t2j12

Y 1 iile fraction 002 in total air

* distance down bed fron .irJet, feet
concentrtion of Ag2 .. b moles/fO3 of reactor



1:'2  %0~ %.0. a %0 ~ %dO.L -4 LLBd., ~i i.i a u L's Oi e or
a flow process where bed volume is negligible compared w ith vo..,
ume of fluid passed through.)

It will be assumed that:

r - kA P o  C 8 CO (2)

-kA. y x - I-D (xO " x)

Wheres CA.20 a concentration of A920, lb moles/ft3of reactor

CAg2003  W concentration of A 2 0C03, lb moles/ft3 of reactor

kD a desorption rate constan hw"I

And, further, it vrill be assumed that absorption is taking place
under conditions where the reverse reaction is negligible,
Therefore¢ rA a kA w Y x a M 0 (3)

where.. kA  a absorption rate constant, atm"1  hr"I

V * absorption pressure, atmospheres

rA " absorption rate, lb moles C02/hr.ft3 reactor

From (1): x G

So we have:'

where.' B kA ff

At this point, a change of variable Is to be introduced:

Def-me: S . 6o

V AZ; 6o P 359 GA

F gas feed rate, std CFM
V - reactor volume, rt3

A cross section area of bed, ft2

Therefore: 6o . _ Z4 G 3S if)



-13-

So: B Z A (3/S9 -. B, (I/S v )

and therefore TB

~- BIxy

wheo B' -359. k A l y. (o, t) a yo

D . kA x (/Sv2 o) 0 x O

1/sv v

The solution for this pair of simult~ileous partial differential

equations is*.' (aee pp.21 ff. for details)

x 1zo  + - j (7 -  1) (5)

M ' x (1/S V) = -359 lCATI X o (l/SV)

N D, . Ye t = kA Yo o t

Graphical presentations of this general solution are included on

the followiL uages"

/Iyo vs 9 P, various values of M - Pigure 5

Y/yo vs -M at various values of N - Figure 6

-M vs N at various values of Y/ro - Figure 7

It should be pointed out that there is an interesting rala-
tionsriip between Y. and X_. For a givei value of M and N, talere.70 XO

is a definite value for y/goT as shorn on. Vigue.5, For oxample,
at M = -2.0 and. N = 3., /yo = 0.76. The value of x/x, at these
same values of M and N emi also be obtainel frcm th.is sare Fig-
u±o 5j b7 determining the valuo of Y/7 0 at M = -N and N z .4I
(te.. at N -.3.0 and M = 2.0), vhich (,1.vcs -/ x 0-... 3 T2*'c_
: 'o1'(;e, 'tuhv p-,..hs supplj.ic- *'-.. : 1./37Iu C,1.1so U- 1, ox.
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Xj-y values; provid-Ing M and N a,,e redefined properly., 2Is can

be p ovod as follows:

lr+ -e e(e .i)51 + e

att 
N 

I
XX Y -M X

(e + e a .. e -e X1 X

7 0rro e a e _ _ _ _ _ _ _ __e_ _ _ _ __0_t_ MX

At this stage of the investigation, sufficient experimential

work h:. s been done to give a good idea of the rate of the absorp-

tion step of' the process. This work md the results ther frn

will be t.aa:-f.zed In a later section* Here it Is sufficient to

state tst the value of kA ia the previous relation has been
determined to be of the order of 800 atm--hr I . With this re-
sult, .t is of considerable interest to solve the general rela-
tionship for the special case cf CO2 absorption from air at 1o0%

002 by volae. For this purpose, it will be assumed that the

reaction w.1l be carried out in such a manner that y/yo at the

reactor outlet will be approximately zero during the absorption

stepo As soon as y/yo - 0.01, the reactors vt 11 be switched and

freshly regenerated silver oxide will take over the C02 removal

job. Air food rate will be set at 110 std CFM, carrying 8.1
lb/hr of C02 through the unit. This %4111 be essentia01ly all

removed during most of the cycle, so approximately four minutes

out of every hour can bo employed in switching and still oper to

with 7.5 lb/hr over..all O 2 removal.



-,/.sv = v,/6o F

For s pa:tcular caso. cA - 800 atm-lIIV -!

1.0 atm

Yo - 0.,01 mole/mole

F = lO std CFM

outlet y/yo = 00i, at switch time

Therefore'* M - (C-359) (800) (1I-0*, (1/6o) (I/.,%lO) x o v

N - (800)(1.o)(o.ol) t

or" TA -43-52 xo V
N =8t

at Y/Yo = 0.0 -0 - 4.6 when N-0 (From Figure 7)

Therefore. -M 4.°6 + N

or: 1.3.52 x V 4.6 + 8 5

fand, inally: V O.QiL t
K0

ardl t 5.44 xo V - 0 75

Curves repres,3ntlng these twvo equations have been plottzd

end are included as, Figures 8 anrl 9,, V-ith these curves it is

possible to read o~f the reactor volume required for operation

at a defin.ts switbing interval, or the swi-ching interval

required when o:.eratlng with v particular silver oxide initial

concentratlon it. can be seen that the reactor volumes required

and the 'wi;ehing interval indicateC will be within reason, cven

13t very low vae.os cf initial silvsr oxi.de concentrationo F,..

thor a.eeperimental woon: w.l subo'a,-i'tnt3.r theso preliminary emn..
clusions and make pos(ji:oLO the 2:1.nal design of an operating unit.
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Ca. aI.. Fxed 3iiC. .23.S.ut.o

W (/SvO)n X(
S(0, t) A 7

Put U- y X / V  -B'
V X -t b D

SaUV(4b
~-bUV

V (X,) V

U (0 y) U 0

Solve (4.b) for U V and equatet

ort L 7

.a V d X b U d Y is an exact differential

and f (X, Y) exists such that:

d ~ ~ U

or: d f

Plt" h Ah 2T X @

... IIII III I .. . I II I IIII II I II I I I .. .. . .... . . . . . .. .. . 1... . ... . . .... . .



t , o f f (X) x

From (6a) and (8) C)

f =a V X + C f (X, 0) =a V X 1n C

Thereforet a V 0  a Vo X 1n 0 t (Xf7

In a Vo  a V 0  x + In c. (X)
The~eoreo (X) n;"I--- a Vo X (l)

0

Sol. f 0 a Vo x0 (12)

Ordinary DoEo coircnpondi2g to (12) iso.

d F a Vo 0 a Vo -
a " e a(13)

Separate variables
a Vo0 ,-a Vo Xe'd P c.- - d X 0

-a Vo
eF + 1 0 constant ( 1 .)

Or general solution of (12) is:

e C) (:5)

From (6a) and (3)G

lip b Ir =-ii(0 Y

f =b Y 'K f 0.Y) w b UO0 Y -. ,,

-b UoY k !.
=e -:- , (Y) (36)

From (8) and (12)a V0  ,?, -aV o x7
a V 0- .. . e"

v a Vo
00

In 0 0 f a Vo X

n n n n n un I I I II I I I i II



, -23 .C.

In 'C + a V° x (7

0
Pct (17) and (16) into (15)

"' a V e o 1 V 0-k 4-;b U Y

ar.d apply: V (X, 0) VO

~ ,a 0 X a 0  1 k

and' -VoX [ Vo] "i Uo Yo L11 - .e b  (18)

Differentiate (18) with resp.ect to YO
a V Vo  V = -b U 0 o Y

Put ino" d. V
V a b U

cV

o 0o 0 U ibo

Therfore: aV X nub U

0 o

[. ea Vo X Uelib (U0)

e =h
VX

v

Then0  V
V" a I ., (h1, )

V 1 "

70Otd u -1 h

~io " = 3 I j ( :



Replacing original variables.

X .
( 

- - h - )5 )

70 + j h l

where'. J am

h = N

II
14 *'X o (l/Sv) = -359 k o (1/Sv)

N mDy t mk~rN~ - DY A "f Yo t

Case II .. Counterourrent Gas and Solid Flow

For the reaction" Ag2  C 2  Ag2C

F F' 3

F' gas rate (over-all), lb molesAhr 6oF

S u solid rate (over-all), f tt2

7 M moles C02/mole total gas

x = rmoles of Ag2 0/fot of solid

V - volume of reactor, ft3

At steady state" F' (yo . yf) " S (xO . Xf) a R

R removal rate (lb mol/hr)
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o'F d y = S d x (in general)

By satorial balance on small section above (d V)O

y +y d +) d s x d V) <

= moles C02 transferred/ hw-ft3 of reacor

or.* d d x

Also., it will be assuiied that:

moles C02 transferred/hr-ft3 - ZA kA it y x

(as before)

Therefore: P' d k

yx '- -r" dV

No~~replace F' by P its equivalent2 and since -

* d V 359 d (1/Sv)

T'erOf ore. .359 kA  ' d (I/Sv)

yx

At any volumeV F' (Yo "y) -S (xV-x)

'hexefore: X xf + -

dy

7 (7 + 0 co -35 9 kA. dL C./SV,)

.~ Sf + -359 kA  d,,/,.i,
O 'o~ ~ A! 0 o -X

So consider: y (A A y

Yo Yo

. + A A l.
A 2 7 I A + IA 

I 1I0



( 0 A) 3C y r/:~
* in 7 0

wi1exT~ A - 'T Xf~ +7

and thent 1 F in y0 (S/r

.From frsrt material. balancoE" f R0

S/y S/p' (xO f/S)

lhere-i'oro p i f 0

Trp 7E 7-0 70 fxo ( /S S/ Y

i T (~~S/p' xo- /

or: 3 5 9-kA ff (qx 07(qx7f

0 fearringgyo y (qT/)

0 0 0

yq o0fq+SM-.o
XO x

A. 0S

0 I

a 707 g0P 1.7iO

where: ~ ~ Y IA' 3S OII (/

q X0 7Pu q 0

A7 gr70atpo~t1ino hssltir a erudi iue1 o~
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As in Case I, it will be of interest to solve the general

relationship of Case II for the special situation of 002 absorption

from air at 1% 002 by volume. As yet no ecperiments have been run

using counterourrent gas and solid flow. However, the value of

k (800 atm - .hrWl) determined from fixed-bed experiments will be

assuned to hold in countereurrent operation as well. A gas flow

of 110 std. CPX will be assumed, to allow comparison with Case I.

For such a gas flow, a removal rate of 7.5 lb/hr will result if

y/yo at the reactor outlet is kept at 0.072.

In general: M - -359 kA ff Xo (l/SV)
p w, q xo/Yo

1/sv - v/6o F

For this
particular kA 800 atml-hr
case:

t - 1.0 atm

70 o 0.01 mole/mole

F "10 std CFM

outlet y/yo m 0.072

V2erefore: M a (-359)(800)(1.0)(i/60)(1/li0) xo0 V

P - (359) (1/60) (/110) (1/0.01) S x0

or' -4.352 x V P 45 sx
00

Values of xo have been assumed and co:responding valu3s of M

and P deternined from Figure 10 at y/y O = 0.072. Then values for

V and S are calculated. ROsults of these calculations are plotted

on the next page, Figure 11. Prom this set of curves, it s pCs,-

sible to deternine the reactor volume required ifor operation with

a particular solid feed rate and initial solid concentration. It

can be seen that the solid feed rate will need to be fairly high.,

e's oecially If XoP the inlet solid concontration is low. Further

erperlm rntal work on this particular raodo of operation vwil2. help

to sut'btant.ate these preliminary conalusions.
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EXPTIf NTAL

In order to determine the feasibility of using the silver
ol6o-carbon dioxide reaction as the basis of a regenerative 102 -removal process, it has been necessary to perform a series of sma..-.
scale experiments. These preliminary tests have been dsignd to
provide vnswers to sevcral important questions* -

(I) Is the reaLotion reversible$ and can it be repeated
neveral times using the same s&mple of silver oxide?

(2) What are the variables affecting the rate of the abso! :p..
t5,on slep?

(3) that physical form of silver oxide is best f'or 0O2 rsnovc:'.
pure, or deposited on an inert carrier?

(4) What are the variables affecting the rate of the deso:.p-
tion step?

At the pros ent writing, questions (1) and (2) have been raira-.rwell ansvered, but further work will be necessary to dete.-mine
answers for questions (3) and (4) satisfactorily. Experimental
work is continuing and should result in satisfactory answers and
a final process design in the near future.

Experiments with silver oxide have all been carried out Laan ap,)aratus similar to that sketched in Figure 12. This is asmall-scale unit, one which provides considerable information ina relatively short times and the data obtained should be applic-
able to the operation of a larger unit as well. The unit was
operated with a fixed solid bed and an inlet gas of constant com-position, which is identical with the operating conditions spei-
fied in Oase I under Mathematical Development. Therefore, it :Ls
liksly that the experimental results will fit the mechanism sug..
geijted i. this development. Case I1 is more difficult to obt.:;.n.
in pract:lce, and as yet no e:oxeriments have been run under t:.tif)
procedc - o

An. ..i.-0,2 mixture of known and constant composition irPeo:o1'-J fnr tho inlet ,g.s st.ear, Suca a mixtur- is t ly
pwtipi: CO2 ind air (in the desired pressure ratio) into the ztx.
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continued until the silver oxide is essentially saturated with

002, as indicated by a constant C02 output rate. Then the basket

containing the silver oxide is weighed and placed in the oven,
where it is held overnight at 125C and - 5 mn Hg, to decompose

the carbonate and reform the active silver oxide.

Data from fourteen runs made to date, usiug three di"ferent
samples of Ag2 0, are summarized in Table II. In addition, typical
plots of the total CO2 absorbed as a function of time are included
in Figures 13 through 17, for all of the runs using Ag2O sample A*
Pimilar plots have been made for the runs employing the other Ag20
samples, but they are not included here.) It can easily be seen
that the repeatability of the reaction is only fair. In generals
it seems that the first run with any particular sample shows very
good C02 removal. Subsequent runs show considerably less removal,
but with much less of a trend toward lower values after the second
run in any set. It is likely that this high capacity for the first
run is due to adsorbed NaOH not completely washed off. Therefore,
the true capacity is that exhibited by later runs, which seems to
be falling off only slightly with use.

Reference to the experimentally determined 002 absorption
data indicates that in all cases the run seems to have been made
up of two distinct periods. In the early stares C02 is being
absorbed at a relatively high and varying rate. Later in the run
a considerably lower magnitude constant rate'period is reached.
Such a result would be expected if the absorption were taking place
by two simultaneous processes: (1) Reaction of the C02 with sur.
face layers of Ag20,.according to the mechanism of Case I, and
(2) Reaction of additional CO2 with internal layers of A20,
limited by diffusion. To determine the portion of the CO2 absorp.
tion attributable to the mechanism of Case I, it seems a logical
anproximation merely to subtract the constant rate contribution,
as determined graphically from the data. V.hen this is done, the
curves labelled "modified data" are obtained. It will be assumed
that these curves represent fairly well the CO2 absorption due to
reaction with the available surface layers of Ag20, by the mechan-
ism of Case I.

Further calculations have been made on the data of series A,
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us!ir-w";:h.e modified data as explained above, to givef..Y.;iv
values of C02 5Ilet rateso Knowing the C02 outlez r r.vafi. from
weigings of the ascarite tubes, it is possible to ealcui.te
values of (7/Y0 ) avg, for each smnple interval. This has been

dono for all of the runs, and the results are summarized in

Table :7i. The relationship used is as follows;

TO St --- o-. ar
1

@



TABLE III

CALCULATED VALUES OF (y/yo) avg

outlet Valuos
Samlo

Ant2zwA AA4

t = 0 0.307 0.317 0,322 01281

01.2 0.394 0.389 o.416

2-4 0,585 0.27 o.66o o.650

4-.,7 0.845 0.647 0.885 0.906

7, 100.927 0.869 0.962 0.98:L

10-15 0.o,62 0.963 0.965 ?

15-2o 0.977 o.963 0.973 0.998

.1)oo8? o,•986 o. 99-.6

2530 0-990 0-998 0.990

30-35 0V.999.- 0.978

35-40 0,97 .... 0.995



At this point it seems logical to check the applicability
of tho mechan:.sm proposed in the section on Mathematical Devel-
opmento Calculatiors have resulted In values of (y/yo) avgat the
reactor outlet as a -Punction of .h, with all other variables

held as constant aa possibleo

That - e4o nst-anb t mA

N - constant T t , h =eN ,[eA
Def'ini y/y

Thereforoe y -0i f
1 + A (B .. 1)

Y (I A) A Bt ' (U Y )

y A Bt

A

log . '-, log AT + t log B
Def ino. *y Y I A

A = B log

The1efo;e -E Y'm A+ B I t

W1hen the function log / is plotted versus t, a
str~aighih !Lne will result if the experimental data follow the
equations of the p roposed mechanism, In addition, the slope and
inteen-.:t of this Line can be used to calculate the values of x0
and kA for 'e pat.cula ' r=, This function has been calculated
and plotted f'or each of the runs using A920 sample A. A typical
plot, fo Rul A-2, is included here, as Figure 18, From this
plot !.t ca.. be -cori. that a straight line does result, for the data
of the first ten 11,rnites or so. After this time, the slope fT.s
Off aczidorably2 probabl.y lhcaUe of errors in calculation. when
vaiues ".T Y/yo beg!n to approach i,0 Por a first approximat.on
of '-he cone tants of' the reclheniam equiation, the straight line
po;:,ion of the e ml.y part of the z un has been considered as z',pre-,
sentative and the best strailht il1,e fitted to the available T."ve
data po:inte .iu procedure has also been folloved on the oVo
runs of seiTes A, Results re tabulated in Table rIv- where
avrage raxes of k'A stud o 'e also shown. Similar calculations



ar3x IaPogts Ifo",. the n-rs of sevies B aind DOResu".t.i of
thsea cal.culations and *of~ additonal. exp erimental. runs 1.Al1 be
prc: sented in th2e noxti report.



LAID'1 vt s. r

......... ......

J7 t~ - -r- 7

j-7#

I L

.... t. 717



00 r-

£ 0 A4

,00
0

Co.4

co cn 10

-P

a 0
CjO 0

0 Cc 0, % 0 f

s Go 0% so.

a 0

a 0

0 00

as 0

4-1~

r4 0

o

H CC%



CONCUSIONS

Sufficient experimentation has been carried out on the 812...
ver oxide process to allow several conclusions to be drawn.
First, the process seoms to be feasible for use as a regenerative

system of 002-removal. since several successive absorption-desorp-,
tion cycles can be carried out on one sample with only a sme;l

decrease in capacity. A longer series of cycles will be neces.
sary to support this conclusion definitely, however. Second, ldhe
most important variable in the absorption step seems to be the
initial concentration of oxide available on the surface of the
solid. If this quantity can be Increased, the size of equipment
required for the process can be materially decreased. It should
be noted that it is the concentration of oxide aalab!le on the
bol.id surface which is Important. Therefore, there will probably
be little to be gained by the use of pure silver oxide, since the
quantity of oxide on the surface will not be materially differont
from that available on an alumina-supported sample of similar
size* Future runs with pure Ag2O will be necessary to prove this
deflnitely3 however.

The mechanism equations derived and presented in this report
will be of considerable value in indicating the relative effects
of the variables involved in the absorption step. In combination
with similar equations for the desorption step, they will permit
calculation of equipment sizes, feed rates, etc., so that the
optimum process design will result. Such a complete design will
form a major part of the write-up on the silver oxide process ror
the next report.
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LOW TEM,!PERA-TURE ABSORPTIONt 002 SOLUBILITY
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INTRODUCTION

The so.rch for suitable absorbents for use in the low tm.
perature regenerati;e system of CO2 removal is continuing. Pr3-

vious data in this phase have been presented in earlier reports.

Samples representing 3evoral classes of compounds are being eval-

uated as possible absorbents. At present, the most promising
class of compounds Is the esters. Consequently, more attention
is being focused on compounds of this general classifioationo
Also, this class of compounds will be evaluated to deterine what
trends may exist within the class.

Much additiond work must be done before any one compound
can be selected as txia best absorbent for the low temperature
process.

rimental Procedure

The method for determining C0 2 solubility presently being
used is the "open" method as described in the tri.-monthly report
of this project for the period Jmuary 1 to March 31, 1952. This
method consists of bubbling the CO2 through the solvent.

It has been necessary to modify the analytical procedure due
to the fact that esters hydrolyze. The earlier procedure involved
a volumetric analysis in which a known weight of sample was treated
with a known excess .!: Ba(OH)O. The barium hydroxide then reacted
with the carborn dioxidf, te) form barium carbonate* The excess of
barium hydroxide il:as thg-n wubermined by titrating with standard
acid. Thus tie amount of carbon dioxide in the solution was
0'termined. Hovever, if ths pr.aure is applied to the esters,
the esters will hydrolyze and produce an aod,, which will then
react with the barium hydroxide and in the caloulations will appear
as curbon dioxide, thus producing erroneous values for 002 solu.
bility.

The procedure now used is to treat the sample with an excess
of Ba(OH)2, This reacts as before to produce barium carbonate,
which precipitates. This precipitate is then filtered, washed,
dried, and weighed to determine the amount of carbon dioxide which
was present in the sample. The esters still hydrolyze to p1oduce



. an cacid rihich also reacts with the bariu hydroxide, Swcver,
as long as the barium salt produced is soluble, it does not appea.,
in the weight of precipitate and hence causes no errors.

The samples tested and the results obtained appear in Table V.
This table lists the molecular weight of each solvent. The see.
ond and third columns list the temperature and pressure for each
sample. The fourth column lists the mole fraotion of 002 expe:,'i-
mentally determined as present in the sample, The calculated
value of I is reported in the fifth column. This value of 4s

calculated fror the equation ( - y p/ P, where

( activity coefficient of 002 In solution
y = mole fraction of 002 In gas phase
A - mol fraotion of 002 in liquid phase
p - total pressure of gas

P - vapor pressure of pure CO2 at temperature of solution

The IA: 4" column of the table reports the mole fraction of
CO2 Whicli would exist in solution at a total gas pressure of
760 mn Ir and at the given temperature., assuming the calculated
value of X to apply.

This table extends the results previously reported in the
tri-monthly report of this project (Jan. . - March 31, 1952)
In the case of tributyl phosphate , these data correct the pre.
vious results for a better interpretation of the blank then being
applied. Also it may be noticed that$ in view of the pres-ent
.work, two values for toluene previously reported have been omitted
as unreliable. The values for octyl acetate reported here differ
widely from those oreviously reported* The earlier values woem
obtained by another experimental method hich apoears less reli.
able than the method now being used; and the present values are
believed to be more accurate.



Tho -rvay of cboorloonts V'or uso in the low' tzrnp 'wreW
ab.,o ?p'ion sirster is: not cormplote; 'out the class of' compoiidta
kno,,vr. its esters s~howi 1be most; promise, Consequoi~itJy mro:!7 aitto.m~
tiozi it! boirg placed in cor onds of this alasoo

The res~Luts sh',.w that leIncreases as ta e~r3 dtiooasosi
for all. compoaxids tooted to date. It was at first bolltO'?od i"J.

ri~ould ap-,roach 1.00 as temparature decroased,9 dc~e to normpos:t..
tiona gi'1ectso The offect of comnposition on yis ~:'~d~
Margialos' equation as follows,,

ln ux 2 2 f +2 (fl3 1 A) xJ

u hro: r 1 X8 activity coefficient of CO2 'in solution
X CS mole fraction of' CO~ in solution

7- ,mole fraction of' abs orbentc In solution
A a rzA B are oonstants dependent upon abs orbont, totiperatu.,:

and prossux'.
IT-As equation states tfhat as x Increases a~ndet deoreasio3c.

tle;. %7alxo of' y, sho;.3d apprzoach 1.00 as a limit. T.ho prosont
reoltz, thereforo, show that the temperaturo offoct on A anc6 P
4s quitea larze anid overconor tho effect of comp~ositi~on ehvngoo
The :-'zit Is that tL-ho Values of y' for saturatod solutions, elivv s

a eo tho teaT:oraturre clscroase sa

~eva'..ti,,,s ofV 0(a0e an indica~tion of any devjoiatjon of' t1).o
s&ct'aal solutitons from idoi salutionso A value Of- e( W~ 1C10

.oxponds tanideol solu':ion;' and thelwrte axcio (
i~,I-A:tphcr tho ebsoroption (mole fraction) of -,., ill bo,
TO .1o1CU1,W? Vzo0-ight of the siolvoznt is nossavy t zoxot ,

~~ v~luo~"?~on inol fraction to weight por ve~rt( o'ieaS
~ Go[~)C d ~o~tr~both a 1-01 TIVn1.eoilar '7o.ht arp a 1~ ')..

Of ;7is

aiil'2nz~o beo dosiral.7 to obtain a con-po-,nd h~~

J. -I lian; 0 in COW, s3olutbil -' -rr> -,% rtuo -e, P~t'i o.n:
thisros~~~~ valunc of d ( /" t doo no- ppo'o :i a~
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amll nagative value will probably have to be acoepted* Herieeo,

the 1portant- criteria of good solubility are a low value of
and a low molecular weight; of secondary Importance is the ori.

terion of a positivo or small negative value of d(/d T.
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TABLE V

CO2 SOLUM ILITY IN ORGANIC X0LVENTS

Berou 002 MOl. CO2 Mol

Temp- Press, Fract. eb Fraoto at

solvent, oeti v) aB-w9. j, 76 r

rectJ un 8201 745.8 0.0713, 2.03 0. 00o'27

m. v. 136,:24 8201 744.4 o,0682 2.12 0.00696
820 744.4 0.00677 2.14 0.00691

Alkazeno - 42 3211F 745.8 0.00695 2.09 0.00708
263-98 82F 7".4 0.00750 1.93 0.00766

0.00:79 2.13 0.00694

-23 00 738.3 0.0145 3.78 0.0150
-340 746.7 0.0133 4.37 0101.86

Wh.choro-i sopropyl-other 80.i,0F  742,0 0.0160 0.9,O 0.0164

M,.=. = 171.01 0.0153 0.963 0,0157
77.;!*P 746.8 0.0152 1.02 0.0155

0.0156 0.990 0.0159
72.0OF 742.8 .0.0165 0.992 0.0169

0.0165 0.992 o.o169.
59,50F 742.3 0.0187 1.03- 0.C191

0.016: 1.06 0.o186
63,20F 742.3 0.0193 0.995 0.0189

0.01#7 1.04 0.0181

67,3c? 744.5 0.0*ll 1.02 0.0175
0.6i68 1.04 o.0171

+l,-O 752.6 0. 2C2 1.90 0,02C4
0,0200 101 0,0202

+0.500 741.7 0.0256 1.10 o0262
0,0256 1.09 0.02

-1000 749.5 0,0340 1.11 0.0345
0.0344 1.10 0.0349

-32.0 0C 7M0.7 0.0579 1.30 0.056
(.0592 1.2 0.0599

-34C '(46.7 3.0606 1.32 0.0617
-360C 752.9 0.0.56 1.32 0.0663
-47.0*0 75.5 0.0913 1.41 0.0931

0.068 1.45 0 0905
IS80 747.4 0.0762 1.77 0.0775

O0"/86 1.71 0.0799

Buzt.:1 - olloslve 80,4% 742.2 0.0120 1.28 0,0123
,11811 0.0123 1.20 0.012)6

77.207 /46.F 0.0125 1.2,? 0.0127
O.0115 1. 3,. 0.0117

72.20F 7/2.8 0.0131 1. 2': , 0!.0J12.
0.0129 20 C32

.59-5c ':42.3 0.C159 1.22 0.0163
0 .01 .45 1. 3 p 'A



Baro. C02 Mol. C02 mol.
Temp- Press. Fract. at 2ract. at;,lvnnt eratuj2 B Ba-o.-Pream. .m Z- nAH

- 63.20F 742.3 0.0138 1.33 0.0141
(contlnued) 0.0138 1.33 0.014.1

67.3or 744. 5 0.0136 2.. 29 0.0139
0.0131 7 34 0.0134

+140C 752.6 0.0160 -, 26 0.062
0.0152 1.33 0.03.53

+0.500 741.7 0.0205 1.36 0.0210
0.0203 1.38 0.0208

-10O0 749.5 0,0283 1.31P Ov0287
0,0287 1.31 0.0291

-32.000 75097 0.0469 1.50 0.04,75
0.0487 1.54 0,0493

-3400 746.7 0.0495 1,61 0o0504
-350C 753.1 0.05"4 1.54 0.0549

0.0537 i.55. 0.05/2
-4700 745.5 0.08014 1.60 0.0820

0.0799 1.61 0.U815
-480C 747-4 0.0828 1.62 0,,08/2

.0846 1.59 o. )661

Propylenr glycol 80.40? 742.0 0,00328 4o,9 0°00336
m. w. 0 76.06 0,00256 5.75 0.00262

71.120F 746.8 0.00353 4.37 0.00359
0.00317 4,87 0,00323

72.20F 742.8 0.00338 4.84 0,00346
0.00329 4.98 0.00337

67.3 °F 744.5 0.00347 5•04 0, 3 54
0.00341 5.13 0, 6o.348

63.20F 742.3 0.00369 4.S9 C, 037C
0,00358 5.24 0,00367

59.50F 7422.3 0.00393 4.e52 O, C0402
O.0386 5.01 C I, "-"395

72.40F 74-.7 0.00886 I.OE5 O, (0 )9041
92.0, 0.00965 :.7o 0,.Co985

0.00928 1. 76 0,00947
-370C 749.1 0.0302 2,95 C,1306
-38.5C 749.1 0.0320 2,94 .0120
-4r °0 743.0 03426 3 o.4 04, 3",36

0.0395 3 39 0"O'404

bl chrode 78°F 751.3 0.0145 .,06 0.n.'V
: -. ,60.0136 ".,.3 0 --.C38

2600 751.3 0,0141 .08 C.43
0.0138 Y. 02. 0

74OF 74-8.2 0. 01149 x or a. . 51
0.0154 .05 C>2.56

6q.5O 7A4,-.9 0,0151 1.3 10. •'.54
o,, lZ, 1:. 2. ," C, '. : 52
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Barc. 002 Ma. C,02 1"o3.
Temp'- Pre. F*at, at a__ 'raot. at"Vme Onane8 A a -P &. r

2-Sthyvheql acid 78 751.3 0.0180 0.855 0.0182
m.w. = 144.21 0.0192 0.799 0.o195

2600 751.3, o0o229 0.666 0.0231
0.0208 0.730 0.0211

740F 748.2 0.0231 0.697 0.0235
0.0216 0.747 0.0219

69.50F 744.9 0.0240 0.708 0.0245
0.0231 0.737 0.0235

2-Ethylhexanol 78°F 751.3 0.00847 1.82 0.00857
m.w, a 130,23 0.00960 1.60 0.00973

260 751.3 0.00879 1.73 0.00889
0.o0863 1.76 0.0o73

74*F 748.2 0.00838 1.92 0.00351
o.oo817 1.97 0.00330

69.50P 744.9 0.00868 1.96 o.008S6
0.O0819 1.91 0.00907

Ethyl Aoeto Acetate +130 751.4 0.0255 0.813 0.0257
m.w. m 130.14 0.0262 0.791 0.0265

+0.500 741.7 0.0333 0.841 0.0341
0.0325 o.862 0.0333

-20C 754.7 0.0356 0.856 0.0358
0.0339 0.899 0.0341

-70C 748.0 0.0"o 0.857 0.000
-100 749.5 0.0440 0.857 0.0W46

o.04%O .8m 0.0&6
-320C 750.7 0.0833 0.900 0.0843

O.O1 0.924 0.0821
-3800 748.4 0.099 0.924 0.101

0.0975 0.946 0.0990
-47.000 745.5 0.0964 1.34 0.0983

o.111 1.16 0.113

Ootyl Acetate 80.50F 749.0 0.0250 0.574 0.0263
m.v. = 172.26 79.50P 748.9 0.0273 0.551 0.0277

7O1 747.1 o.0232 0.645 0.0236
+140C 752.6 0.0303 0.667 0.0306

0.0305 0.662 00308
-100 749.5 0.05m 0.724 0.052§

0.0538 0.701 0.0540
-3200 751.8 0.0939 0.799 0.0949

0.094 0.795 0.0955
-4700 745.5 0.135 0.959 0.137

0.U7 1.10 0.119

Tribuy. Phosphate 85?F 747.4 0,03 0.405 00352
m.v. = 266.32 77-°5 746.5 0.0335 0.460 0.0341

73.20? 748.6 0.0340 0.479 0.0345
72.40F 749.7 0.0389 0.424 0.0394



Baro. C02 M01. (0 2 Mo..
Temp- Press. Fract. at Pra t. ,.t

Tributyl Pho.phabe 71.40F 752.1 0.0342 0.490 0.0346
0.0317 0.528 0,0320(continued) 70.70F 746.8 0.0336 0.500 0.0342

69.70F 749.1 0.0348 0.490 0.0353
0.0340 0.502 0-0345

-190C 734.3 0.0846 0.570 0.0876
0.0842 0.572 0.0872

-2300 738.3 0.0910 0.603 0.0937
-340C 746.7 0.125 0.642 0.127

737.5 0.126 0.624 0.131,
0.127 0.621 C.131

753.0 0.127 0.635 0.128
0.120 0.673 0.121

-3600 747.0 0.143 0.602 0.145
-38.50C 749.1 0.139 0.653 0.141
-4806 743.0 0.199 0.671 0.204

0.191 0.701 0.195

TrietSyl Phosphate 74.60F "748.7 0.0256 0.627 0.0260
mDw. ,+ 192.14 0.0253 0.634 0.0257

8OoF 746.3 o.o248 0.600 C.0253
746.2 0.0262 u.568 0.0267

0 0255 0.584 0.026o
73.607 742.8 0.0274 o.587 0.0280

0.0258 0.623 ;.0264
0.0260 0,619 0.0266
0.0258 0.623 0.0264

71.80F 747.1 0.0267 0.620 00e72
0.0276 0.600 0.0231
0.0268 0.618 0.0273

+1300 751.4 0.0306 0.677 0.0 j9
0.0308 0.671 0o0^,.2

-100C 749.5 00589 0.640 0.0598
0.0611 0.618 0.0619

-14O0 750.7 0.0666 0.637 0.0675
0.0651 0.652 0.0659

-320C 751.8 0.112 0.670 0.11.3
-3400 746.7 o.114 0.699 0.11.6
-38748. 0.131 0.703 0.133

0.130 0.712 0o112



SECTION III

PREMMING-~OUT OF CAPRON DIOXIDE



INTROL'J CTION

it the last tri-monthly report (April 1 ,, June 30 1952) a

prlS.ct,2ary treatment of the 'fre)e~eeut' me thod of carbon dioxide

re-oval was T esentedo During the past three months *bbi.s me 1hod

has been developed further to a point vhere the major problems

aro pre.ctically solved and the process appears entire1y feasibleo

rTe removal of carbon dioxide from air in closed atmospheres

by a cont.inuous 1r ocess in ihich the carbon dioxide Is frozen out

of the air stream has several advantages over other procesaes,

No storage s-ace is required for chemicals or other supplieo which
are necessary In non-regenerative methods. No oxygon or nitrogen

Is removed along with the carbon dioxide as is the case when phyaocel
absorption is used. Power reqirements are not exces3sie mid space

requirements are modest. The only significant materials and utilities
equed are sea %stater for cooling ead electric power for co.pressic.n.

In addition to removing carbon dioxide from the atmosphereq this

process reduaes the humidity of the air to a low value*



DEDSCIPTION OF PROCESS

A schematic flow diagram of this carbon dioxide ffreeze-ortl

process is shown in Figure 19o This shows the foul air contairng

3.% 002 and with a relative humidity of 65% entering the rrocess

ai,; 3OF and 1 atma. This air stream enters the first compressor

(Pi.. ) at a rate of 500 ibso/ro This inlet stream consists of

759 lbs/hr of CO29 70o5 lbs/kw of H20, and 48536 lbs/w of 6iry,

C02-free air. After the first stage of compression the air is

cooled with sea water, During, this oooling some of the water vapo:r

Is liquefied and removed from the streamo Further compression

and cooling removes more watero

The high pressure foul air leaving the second sea water

cooler (HE2) is passed through a gas-to-gas heat exchanger (HEr-3)

wh3.re it Is coolhd to about 35°F. In this exohaager additional

water is condensed out and flashed to the low pressure side of

ths exchanger. The foul air with most of the water removed Is

next sent to a reversing heat exchanger (HE-4) where more of the

water vapor is removed by freezing out on the exchanger surface,

The operation of this reversing exchanger is shown in more

detail in Figure 20. During the first half of the cycle, the
high pressure foul air is passed dovm one side of the exchanger
depositing ice as it is cooled to about -15OPo. (This temperature

is just above the temperature at which 002 starts to freeze c-ut.)

While the high pressure air is depositing ice on one side of the
exchanger, ice is being removed from the other side by passing

low pressure purified air through it. After a suitable period
of operation, during which ice builds up on the high pressure
side and the low pressure side Is derlmed., the reversing valves

are s :itched* %his sends the high pressure air down the side
which has just been derimed and the low pressure purified air
back through thle side which has fresh rime deposits. This re-

Versong action is indicated in Figure -O. It should be notbed at
t-;is ti ,e that all the water which is condensed in the sea water
coolers Is permanently separated from the air. On the other hnd.
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the water removed in these two heat exchangers (HE-3 and HE 4)
is re-evaporated into the purified gas stream.

F0rom the reversing heat exchanger (HE'.a4) the high pressure
air next passes through side (3) of HE-6 (see Figure 19) wheze
it is cooled slight3q by raising the temperature of the exchanger
to nearly -l$0OFo During this heating of HE-6 side (4) is being
evacuated to remove 0020 After passing through side (3) the
high Dressuro air is sent through side (2) of HE-JSX where it is
cooled to about .220?F by passing countercurrent to the low pressure
air v hich has just left the expansion turbine. In cooling to about
.220*F the high pressure air is purified by the removal of 99%
of the CO2 and most of the residual water. The CO2 and H20 are
removed by being frozen out on the heat exdhaiger surface In the
same manner that water is deposited in the reversing heat exchanger
(HE-E4) After a suitable interval of time during which side (2)
is receiving rime deposits and side (4) is being derimed, the
valves are switched to allow the high pressure stream leaving
HE-4 to pass successively through sides (1) and (4). This change
allows side (2) to be defrosted by heating and evacuation and side
(4) to receive the rime deposits. After the same interval the
valves are switched back This reversing operation should pre-
vent excessive plvgging of the heat exchmgers by removing all
the rime that has been deposited In the previous cycle. However
if by this procedure it is found thet adequate deriming is not taking
place, then a four step reversing procedure in which each of the
four sides of HE-5 and HE-6 successively passes

1) high pressure air at about -150OF,
2) high pressure air being cooled to about 2OF,
3) C02 removal by evacuation,

and 4) low pressure air,
will definitely provide complete dezrlang In each cycle* In this
case the high pressure air will pass thirough two sides in the following
rotaticm:

-- -----9- ---------------------- ------------



1) side (3) and side ()
2) side (1) an4 side (3)
3) side (4) and side (1)
4.) side (2) and side (4).

The high pressure air at about .22010 (now containing only

Go.0l% CO2 and a negligible amount of H2 0) next passes through

an expansLon turbine where some oower and considerable cooling

i. achived. (HE-7 shown on the flow sheet is not a separate heat

echanger for operation below 11 atmosphe3f When it merely indicates

*chat heat leak exists.) The air leaves the turbine at about I atma

anl between -270 and .3120F depending upon the pressure on the

ii.et side (.270OF for about 3 atm inlet pressure and -310F for

about 1i atm).

The low pressure air leaving the turbine (now cold and purified)

ia passed back through side (1) of H3.5 (or one of the other sides

of HE45 or F26 depending upon which part of the cycle is in operation)

vJfa3re it oicks up heat from the hi.h pressure air which is being

cooled to abput .20°F. After leaving this heat exchanger the

lo.v pressure air stream may be split with part of it recycled back

through the exchanger (H-5), This reooling is not necessary

if tha two-step reversing procedure is used for the operation

of HE.-5 w,- hF.-6, It may or may not be neossar7 for the four-step

reversing prcc&-. - depending upon the effectiveness of the

deriming by n.vacuai "cr and heating.

'The low pressurv -,'r next passes through the reversing heat

exohangw (HE- 4 ) where L -icks up the ice dsposit. Loft by

the high pressure air. Again some recycling may be necessary

to insure complete deriming of this exohancer. From HE ',.

lo-z pressure air passes throu a HE-3 where it picks up the water

removed from the high pressue air and where it is heated up to

80F and discharged to the atmosphere. This purified air contains

only 0.01% CO2 and has a relative humidity of about 3%,



POWER AIM SPACE REQUIRETVENTS

The results of detailed calculations indicate that the
re.ui:ed power for processing 500 pounds per hour of foul air
Is between 12 and 20 kilowatts as is summarized below.

High fressure Side Required Power s kilowatt.,#
atmaatiwr C-_ I ka&LlIgn Pumping ZT.bn If'i

.5 4.0 092 0.8 -20O ,

11 22,4 0.2 0.8 o.2,7 20,7
Those figures are based upon compressors and turbines designed to
occupy small volumes. Efficiencies of 70% were assumed for both
compression and for expansion.

A summary of the space requirements 1ndluates that a total
volume of between 40 and 80 cubic feet should be sufficient* A
breakdown of this estimate is given below*

V'olume cubic feet

Heat exchangers, bare 3- 6
Insulation

Compressors 10
Turbine 0.3 - 1
Piping# valves, controls lO 20
Free Spaee 20 -. 39

Total 40 0 80

These figures are based upon equipment designed especially for
conditions requiring small volumes. The heat exchangers, compressors.,
and turbine were carefully evaluated while the remaining items
were roughly estimated.



OPERATING CONDITIONS

The operating temperatures., pressures and oompo3tito o-.

of the various part's of the prooess shown In Figure 19 depend largely
upnn physical and thermal properties of the fluid-solid system

air.-CO2-H2o Tbeyalso depend upon the properties of available
sea water., the desied atmospheric conditions of the region
suppl-ying the foul air, and the desired composition of the fresh
al3,* In order to Investigate the effect -of the many process
var'iables on the power and space requirements, it was necessary
to consider as primary variables the operating pressire, P2 1 and
the onount of CO2 removedo In order to restrict tbe problem It
was docided to consider removal of 99% of the entering 002o This
choice was made since preliminary caloulations Indicated that the
power and space requirements would be practically independent of
amount of CO. removed, as long as about, 95 or more C02 was removed.
Since the optimum operating pressure was not known, it was deoided
to investigate pressures, for Pis up to 20 atmosphereso With these
choices of primary variables the operating tomperatures were fairly
definitely established* Each of these temperatures and pressures
is discussed in a following paragraph.

Inlet temperature, T1 . The inlet temperature was arbitrarily
chosen as 505P to represent a reasonable basis.

Inl= t pressure, P_ For the same reason the Inlet pressure
was chosen as 1 atmosphroe.

alt pomosition. A relative huidity of (-% and a 002
concentration of 1.0% by volume were chosen as oomfortable conditions
which should be maintained.

Compressor discharge pressure, P1 e Depending upon the operating
pressure, P., and the typ or compressor seted, one, two, or possi.
bly three stiges of comproession may be required. Por one stage
operation, P1 , v 2 Pi o two stage operations P1  (P where both
prossures are expressed in atmosphereso

Compressor discharge temperature, T2e The discharge tei~erature
is prWpa13 a functon oa t psnMe 1X, and of the effitenoy
of the compression* This function Is plotted in the left hand



side of Figure 21 where three curves labeled ?I" P2 are plotted.

These curves show how T2 varies with P, and compression effielenoyo

T2 is also presented in Table VII for values of P1 between 2,2

at and 6o81 atm,
Sea Water temperature, T . An analysis of reported sea

water'temperatures at varlous atitudess longitudes, seasons,

and depths Indicated that 80OF was an acceptable figure to use

for the purposes of this study. Table VI is a listing of surface

temperatures throughout the world for two seasons of the year

and tempratures at, 200 and 400 meters below the surface, these

submerged temperatures being almost Idependent of the seasne,

Sea water temperature, T16. 7he temperature of the sea

waterloeaving t heat exchanger, M-1, was chosen as 90"?,

which represents a 10'F rise in temperature.
Comressed air temperature, T3-. It was assumed that the

air oud be ooled to within lOF1 of the water temperature.

This made T3 equal to 90'P.

Compressor discharge temperature, To his discharge

temper ue 4depe' upon Mi pre'ssure, F2# and compressor

efficiency as well as P1 and T3 . 1 as a function of P2 'and
compression efficiency is plotted n Figure 2! and listed in

Table VII.
Sea water temperatue T9 Same gs
Compressed 3n te0"Mpertur, T. Same as T3  ~In shown

as a fMntion of P2 in Table VIII and Figure 22.
Temperature of foul air leaving mE-30 T6 and T6  This

*.eMeratuf. was set as 35'F to be a few degrees above the freezing

point of water, 320F.
Temperature of foul air leaving HE., T7 . In order to limit

the deposition of solid 002 t HE-5 and HE-00 the temperature

T7 must be higher than the temperature at ihich a mixture of

air and 1% CO2 is in equilibrium with solid CO2 . This temperature
Is tabulated in Table IA plotted in Figure 23 as a function o., pressure. It Is also shown In Pigure 22 and Table VIII*



J2~pe~_gr ofhIi.essure clean air 4ev~~.6 o

i' ordcr to remove 99% of the CO2 from the foul air, the tompe:a-

tueTo of tho air stream must be reduced until it is at the terp3r-

ature e~t which a mixture of air and 0oe0% 002 is in equilb4,.ib

wl.th solid GOP. This temperature, T8 is plotted in FIG u'es 22

al ?3 and given in Table VIII as a function of pressure. Thia

is al o the temperature of the air inlet to the expansion engiL-e

"or pressures below about 11 atm. In order to prevent liquid air

:rom form1'ng in the expansion engineo the temperature of the inlet

s t eV n must be that shown as T8 1 or higher. For pressuzos aboie

ii arwi, T8 is higher than T8 , and the stream must be heated (by

,1.--7, or other means). This indicates that compression to more

tha. n 11 atmospheres is of no advantage. These temperatures were

obtained assuming 70% efficiency in the expansion engine.

TC.p.rature of clean air leaving trbine, T Assumi
ex iansion to 1 atm. at 70% efficiency in the, expansion engine.,

th- tsmpe*-ature leaving the turbine, T9# was calculated from TS
T0 wac obtained from T for the higher pressures by using%, 9
-312.80F fur T9.

Temprature of clean air leavinr HE-3 T The temperattre

of the cloan air discharged from the process was assumed to be

80°F' which is 10F cooler than T This represents conservative
design conditions and in operation may be con4iderably different.

ToM erature of clean air leav HE4. T . An energy bal.
-n'&e auround HE-3, assuming no heat leak and allowing for revapor.

ization of condensate, fixes T12 as shown in Figure 22 aue..
Ta'le VIII. During actual operation, it may be as much as a few
degrees lower due to heat leak.

Temperature of -lean air entering HB3k, T1 The tempera.
ti.-.e of clean air entering HE-4 must be high enough to remove the

ica deposits in the reversing exchanger. This temperature is
-ec .1atad to T7 as shown in Figure 24. For temperatures of Tll
Jz'er than indicated on Figure 4, the low-pressure clean air

711.1 not derime the exehanger. in order to insure complete

S1e.,iming, tamperature TII has been chosen higher than shown i:
F!'gr(e 24. It is tabulated in Table VIII as calculated from 75%
of the lifference shown in Figure 2. In order to obtain this
teripeiature, a recycle stream as shown in Figure 19 is necessary.
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Temerature ofc'olean air. leavibg HE-5j, Tll. An energy
balance aound 0.4, assGi no heat leak in either HE-4 or
H3-3s Indicates the temperature for T:L which Is shown In
Figure 22 and Table VIII. In actual operation T11 will be
lower, perhaps several degrees, due to heat leak,

Temperature of clean air entering HE.-%, T.O if the
two sep derzng c7ole sat.sfactorly prevents Mild up of
solid voi and solid %0 in HE-5 and HE-6, then no recycle
stream is required and. T 0  !oweverv If the four stepI
reversing procedure Is necessary T 1 0 ' must be h.gher than TIO
and related to T8 as shown in Fisure 24a In order to insure
derimiin of those exchangers, T10  as plotted in Figure 22 and
tabulated in Table VIII was calculated by using 75% of the
permissible difference shown in Figure 24o.

Temperature of clean air leaving turbine, T An energy
balance around an , assumig no heat leak in any ne
of -3.4 HE-4* HF,.5 HE-6, end neglecting the energy effects
associated with the evacuation part cf the cycle, indicates
for T1O the temperatures plotted in Figure 22 and shown in Table
VIII. At this time It can be noticed that T9 and T r0 represent
the some stream-and that the difference between T and
a quantitative measure of the vermissible heat leak in the exchangers.

Temperature, T17s, and Pressure, P 3 for evacuation, In
order aremove 2 evacuarzon tHe pressu'o must be--0educed
and/or the temperature raised by an amount at least as much as
Indicated by the equilibrium phase relationships of the aL-'..CO2
system. Figure 25 shows these relationships in terms of the
process variables. Mhe temperature rise, rL7-T82 is plotted against
.the pressure factor P2/P23  For removimg 99% of the C02 Vwo
lines are presented, one for P2 10 10 atm and one for Pp .5 atmo
One line (P2 0 10 atm) Is presented for removing 98% cOP.,

In the preceding paragraphs are presented the underlysxZ
assumptions and reasons for establishing the vexious conditions
of the jr ocess, It should be pointed out that, for this phace



-67-

of the problems no oonsideraeon was given to pressure drop In
the.flow of air through the several xhn end associated

piping@ This simplification has but little effect an the tomperat-irea
obtained and practically no effect an the oonclusions of this
studyo

In making the energy balances to establish some of the process
temperatures and to detrmnae the heat exohanger duties, the

enothalpies of the several streams were caloulated. 7heee enthalpies
have been plotted in Pigure 26 sndtabulathd-in Table X, Megase
values were based on Individual enthalpies for' afr (Figure 27),'

for C02 (Figure 28) and for water (Keenan and Keyes Steam Tables)*

In the process described above the water condensed In R3.3
and the rime deposited in iE-4 were revaporized in the low pressure

olean alr. Calculations were also made assminin that these qumtitie ri
were discarded* TLhe resulting temperatures are given in Table

x d nd i 29
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SEZLCTION OF HQUIPM

O es.ors, A survey of available Industrial compressors

Indicatod that practically 11 iodels ooopy a relatively

large volume (50 to 80 cubic feet total volume) and are there-
fore unsuited for the proposed processo The rotary lobe type
(Elliott-Lysholm) as. discussed in recent literature. (Fngineering

S97-.100, Jan, 29, 194,; BAR Journal U June 19130 Mechanical
Enginaeering 5 -8 June 1914.; IDRa. Divis ion 11, Sumnary
Technical Report, Vol. 1, 1946) appears rather pramsingo It
is estimated that a siele stage copressor of this type capable
of compressing 5;00 pounds per hour of air with a ocapressi n
ratio of 2*5 or 3 can be designed to occupy a volumne about 2,5
or 3 cubic feet (including drive). These oampressors operate
at about 70% efficiency (see Figure 30)o

u 2 Based on reports of Swearingen (Chemical, Engineering
Progress g 8.-90 Feb. 1947) and Ruslitan (NDRC& Division ll,
Summary Technical Report, Vol. 1, 194.6) it is estimated that
for. the proposed vrocess a turbo-sxpaude can be built which
will occupy less than one cubic foot (about 0.3 uou ft. for
expansion from 5 atmospheres)o SUis expander would operate with
an efficiency of about 7080%.

HGQ-t ELO&. In onnection with the recent development
of compact equipment for the produotion of omxen, two types of
heat exchangers have been used. The ribbon-paoked Annular exchanger
(frumpler and Dodgem,he fi, Progres Al3 754#8., February 191.7)
originated by Coll ns and the sandwich ty oxhange (Slmpelaar
and Aronson, Tras ASM za 955-965# Oat. 1950) both have a con.
uiderably greater transfer supface to vole ratio than ocamnercial
heat ezh rse. Either type could be used for the proposed
ploces,8 Since the sandwich type exhange has been more thoroughly
tested and since it is of simpler onstVUctiov, It was the basis
fo, this work*

Tha heat exchanger consists essentially of thin copper



fine furnace banded between brass plates* The exchanger Is mni'.
folded so that oe fluid will flow In no direction through everY

alternate passage and the other fluid will flow in the opposite

direction throngh the Intermidiate pa.sageo e. This a'ra g maent

of surface provides over 300 sq. ft. of effective surface p6V
cubic toot of heat exchanger volume and corresponds to over 3. 5
sq. ft. per pound of metal.

For the specific design considered In this problem, the

recommended equations and data of Simpelaaw and Aronson were
restricted and applied to a 3/32" strip "fiy throughout these
oalculations. The properties and necessary data associated with
this particular fin were obt&aned from the above article. The

distinct advantage of such type of hert exchange equipment over
the conventional shel and tube types lies In the unusually high
heat transfer coefficients attainable. 3h this connection, gas
film coefficients as high as 60 Btu/(hr) (ft 2 ) (FP) are ordinary
against values of 3 to 5 comnonly oonsidered for the conventional
shell-tube type exchangers. Conservative pressure drop coa-
slderatians for both the warm and cold sides Indicate that with
the exclusion of end effects (entrance and exit plus piping),
the total pressure drops through the f zmdwheat exchangers are
as follows: PLe5u1o D1o , Dei

Heat R aWerWarm Side Cold side

0.393
Zi.2 0.218 ,.-

W.3 0.28 1-.17

33.400550 2*6!
0o..5 0.63

W-6 o.3
1.679144

Warm Side** AP a 1.68 psio
Cold Side: AP a 4-4 psi

he0e valuob were reached by oonsidering heat exchangers
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of one passage flow throughout and assummn a pressure of 7 .
pals, for the unprooesed air throug heat exchangers -3m39 JL4
and Jl.. Me ooLd side pressre drop moet likely canot be
deereeasd unless mo*e than an g s passage Is selected for the
exohangerS.

Beat transfer ooefflolents for a 3/12* strip fin were
evaluated fran the J-faotcr relationship oposed by the above
Investigators* This relatlanship Is presented below:

where A a total he Vnm f area whIch Is equal to the $UK
of the surfac, of the fins and that of the wall.

0e--heat oapaity of alr,, o onsidcrod eas 0.24 Btm/(lb) (VF)

* euialntpassage diameter, D* - ft,

- oaeoe, ai mama veloesty, lb/(br) (fe ot A.)

h - u face beat transfer coefficient based an total heat
tr for a, 3tu/(w) (ft 2 ) (07)

heat transfer factor (diiMe4siM1oss8)

L'a length of flow passage
D G

Re - Reynolds number

a I Pz'ndtl group, assumed for' air to be 0.'714

= visoosity, lb/(hr)(ft)

rMe strip fins are 3/32" wide (dreoction of fluid flow),
0485" long (distance between plates), 00*" thtick and am'
3/32" apart in the direction of fluid flow and .082" apart per.
pendioular to fluid flow and the rows of fins are staggered*

The following phyfsloal characteristics were obtained fr m
the specific heat exohanger employed by Slmpelaar, and Armon
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In thitr article (page 959)o

Passage details: (Number a 18o height 0 0o.85% width n 12%
length a 90" a 7.5 ft) Total Area (fins plus wall): A a 1858 sq ft
Pre Cross Sectional AreaSO A. n 0o70 sq ft

.265 .e,

0 "

D* 0.0113 fto

Heat transfer surface/passage per foot of length (h - 0.485",

w 2, 1 a 12")

a 18 13.7 sq ft of fin plus wall surface/paosage"18 x 7*5;

per foot of length

B.-3 in selected to Illustrate the oalculation procedure,

For this case unprocessed air at 739,5 psia containing'carbon

dixlde and water vapor is being cooled from 90 to 35'F counter-
currently with processed air at substantially atmospherio pressure)

the temperature of which rises from 2,5 to 80P'o The purpose
- - of this exchanger Is -"a twofold one: to cool the air stream

to 35*F and simultaneously condense water vapor. This liquid

condensate in turn Is to be revaporized In the processed air

stream. For this particular case the total exchanger duty is

117,977 - 108,706 a 9271 Btu/hw. The temperature difference,
for this cases calculates to be 1O00P. Consequently

UA a 92714o - 927 Btu/(hw)(ft 2 ) (oP).

2he length and total fluid volume necess=y for this heat

exohanger at the above given pressure of 73.5 psia ara directly
related to the number of passages. Arbitrarily cases desling

with 1. 2,9 3 and 4 passages for each fluid stream were selected
and the calculation procedure Is presented below°

Beat Exohaner.% .:

High pressure side, P2 - 73o5 puia
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,,J:',1 flow goi from T5 to 26

U,8 ipram - 90*F to 35*F (T w i 626P)

viiooit - 4o477 x 10" 2 lbs/ft z hr'
A:M? Rate .f , 48.36 + 7.59 + 0*42 + 2.54/2a 494.64 lbs/u"
Pa.age. 1 i 12", h a 0.48, L a ?
St.7:ip f.in Thiokness a 0.004", h a 0.48, La 3/32"
ac - Ac/, 0,70/18 - 0.039 ft 2 of ozoss-seotioal free aaea/paceage

, 0.113

2/3/
i (o.75) / 3 - o.8W8

a. Fo of A f tc Da5 G bG~
Pa .ac 3 c (lb/(hz)(ft4) LII 3h7~z: h~ 1 ~

1 00389 12,716 3210 25.3 0.90969 36.2
2 0.0778 6,358 16o 19.15 0.0128 23.9

o.1167 4,238 1070 16.,2 0.o5o8 38.75
1". o.il56 3,179 802 4.% o.0169 5.76

Lcv Pressue sides PO a 14.7 psia
Alt, flow going from T12 to TI3

A:., Rate W - 485.36 + 0 42 + (2.96 - 0.2) - 488.32 lbs/hl
Toper.tcu'.o 25op to 80Fp (tag a 52"F)

" 4.31 x 10 -2 lb/u' x ft'A

n,,; 2  G =W/A D G .0* how 41-Pa 0.(h2)(f ..p. L-Li '1 h h (P

0.389 12,53 3291 2.5 0.0096' 35.4
a 0.0778 6,276 1645 19.45 O.O126 23.2
3 o.:167 4,184 1097 16.45 .34.89 18.25

01556 3,138 823 14.7 0.0i665 15.31
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.u A- 927/U L :.- 4/13.71%
m :--3 Ag . CJo ho +

1 (0o°0'762 002825 o.o5587 17.90 .79 t:2  178

2 CO°I.-8!- 0.0o4310 .o8494 11.77 78.76 2.87
'3 ,o333 005479 OoIO812 9.25 100.2 2.4

O.o06345 -0o06532 0.12877 7.77 119.3 2.18

Volume, ou ft*
AC)o

;-, age+. Varn Side Cold Side Total

. o017 o007 0.294
2 o.223 0.223 o.446
3 0.285 0.285 0.285
4 0.339 0.339 0.678

Tho variation of the heat exchanger length and fluid volume
is de-e:dent upon the absolute pressure of the unprocessed a:L'e

(w ,m s..de)o These variables are Incorporated and related to
the nurfoer of gas passages and appear in Figures 31-35 for .eat
exclharors IE-.l1 HE-2, HE-3, HE-4 and E..

A ,ompilation of conditions that might be selected for the

opsration of a cycle point to a total exchanger volume of fran

3 to 6 cubic feet* In this conneotion, the maximm lengthn eoes3ary
for a ovie passage arrangement is that of exchanger H.4 which
is 12 foot* This value reduces to 6.8 feet for a four-.passa~a
srreangiento If a one passage arrangement is to be chosen for
this heat exchanger, it may be possible to consider two or tlr.'oe

serparto one-pass exchangers of shorter length, whose total eofeativ,
lezi gtb s 12 feet* The lengths of the other exchangers are z'ot
orltica and vary from 0.72 to .8 feeto

'Nc teo The exchager volumes calculated correspond to thoso
occupied by the fluid alone and do not include the :fin
and wall partitions. In order to calculate the totil
volume (fluid plus fins) these values must be multiplie,
by the factor representing the total cr-oss sectional
area divided by the free aross sectional area or
AU Ll /0o0389 - 1.039o



OONCLUS OS

The studY has shown the feasibility of the process of freesing
out the 002 sinoe the size and power requirements are both reasonable.

This concludes the phase of the work currently authorisedo

Future work In the problem would involve the settifg up of

experimental equipuOnt for confIrMing the results obtained and
for observation of any factors which maW have been minnimiedo

Problems that have to be Investigated In this experimental

phase would be:

1. Determination of heat leaks.
29 Determination of cycle times and coordination of the

various parts of the cycle,

3. Time lag in Initial start up,
o Determination of problems involved In 002 fowuation tn

expansion engine,
o ]Balance of refrigeration requirements in heat exchange

reversing procedures.
6. Investigation of the actual CO oandensing and subliming

conditlomeand corfirming the hat transfer coefficients,
7. Checking of the process In general*
8. Mechanical operational problems, valving particularly,

under the pressures and low temperatures involvedo
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7 A.BLE VII

TP24PERATR3,) -IND 31HALPY CIANGE OF AI p I, , Frif) cO PRISsolRS

2uEnthalpy ftlCnm

1.oo 85 7o 156 1;5 R Per Se 'To ,

2.24 5 220 24.5 22. 231 2! 6 29; 4 96
2.45 6 242 266 3,09 253 277 320 55 13.0
2.65 7 260 284 332 271 2:!5 34. 61.5 123
2.,33 8 272 300 34,9 2 q3 3,-C 37-1 66 132
3. 90 9 283 315 355 294 3.6 376 70 140
3,16 20 293 329 382 304 340 39: 73.5 .4.7
3-.32 1 302 341 396 313 352 /0 76.4. 152.8
3.7 15 337 380 439 348 391 450 86.8 173i6, 4/7 20 373 418 484 384 429 496 98.5 197
5.00 395 448 524 107.8 107.8
6.81 470 537 135 135
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TABLE 3X

MNET AIR 3TRW 4 EOUIIBRIUM TWNERATURES

.. ndition Per Cent .e...grature - OF - -

002  At 1 atm At 13.6 atm
. .. . ..... X~ _Ro~ Preuxure Preewin[

17  0 -187.5 -154.3
Ta 36 -193.0 -161.7
TS 6e -201.2 -172.7
T8 84 -209.3 -183.6
TS 92 -216.. -192.7
TS 96 -223.7 -201.5
Te 98 -230.0 -209.1
TS 99 -236.0 -217.2
78 99.5 -242.0 -223.8
%8  99.75 -247.2 -230.9
T4 99.875 -252.5 -237.0

Note: Curves are based upon the equilibrium temperatures of O2 undi., its
own vapor pressure and corrected for total pressure.
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